The genetic relationships among seven cultivated populations and eight natural populations of wild common buckwheat were analyzed using amplified fragment length polymorphism (AFLP). The genetic distance was estimated for each pair of the 15 populations based on the AFLP data, and a phylogenetic tree was constructed using the neighbor-joining (NJ) method based on the genetic distance. All the cultivated populations were grouped in a cluster. The natural populations were grouped into two clusters composed of (1) the Sanjiang group (three populations from eastern Tibet and one population from Adong village of Yunnan province) and (2) two populations from Yunnan province and two populations from Sichuan province. The Sanjiang group is more closely related to cultivated populations. These results indicate that the direct ancestor of common buckwheat was natural populations of wild common buckwheat from the Sanjiang area.
INTRODUCTION
Common buckwheat is a widely cultivated pseudocereal in Asia, Europe and North America. Since De Candolle (1883) first suggested that cultivated common buckwheat was originated in Siberia or in the area of the Amur River, the location of the cradle of common buckwheat has been searched for (e.g. Vavilov 1926 , Nakao 1957 . However, no one could determine the location until the wild ancestor of common buckwheat (designated as F. esculentum ssp. ancestrale Ohnishi, in contrast with cultivated common buckwheat F. esculentum ssp. esculentum Moench) was discovered in Yunnan province of China (Ohnishi 1991) , which might lead to a concluding consideration. Ohnishi (1998a) hypothesized that the northwestern corner of Yunnan province was original birthplace of cultivated common buckwheat judging from the distribution of the wild ancestor. The wild ancestor grows on mountain cliffs, slopes and occasionally on barren fields, where no other wild species can grow and it usually forms large populations consisting of more than 10 4 individuals.
After the discovery of natural population of wild common buckwheat in the Wulang river valley of Yongsheng district, Yunnan province (Ohnishi 1991) , natural populations were also found at other locations in Yunnan and Sichuan provinces of China (Ohnishi 1998b) , and in eastern Tibet (Tsuji et al. 1999, Ohnishi and Konishi 2001) . Hence, Ohnishi (1998a)'s assertion is no longer valid. Ohnishi (2004) himself pointed out that "the Sanjiang area" is a key area for the study on the origin of cultivated common buckwheat. In the Sanjiang area, three big rivers (the Changjiang, the Mekong and the Salween rivers) run from north to south, parallel to each other, forming deep valleys which divide high (3,000-4,000 m) mountain ranges. Now the issue to be elucidated is which part of the distribution area is original birthplace of cultivated common buckwheat. In this study, we reveal genetic relationships among seven cultivated populations and eight natural populations of wild common buckwheat from the Sanjiang area by AFLP analysis, and discuss the direct wild ancestor and original birthplace of cultivated common buckwheat.
Among various PCR-based DNA marker techniques, we employed AFLP method (Vos et al. 1995) , which has been reported to be the most efficient marker system to detect polymorphisms (Powell et al. 1996 , Russell et al. 1997 , Pejic et al. 1998 . AFLP markers have been successfully used to reveal genetic relationships among cultivated plants and their wild relatives in many species (einkorn wheat, Heun et al. 1997; barley, Badr et al. 2000; Tartary buckwheat, Tsuji and Ohnishi 2001; emmer wheat, Özkan et al. 2002) .
MATERIALS AND METHODS
Plant materials and DNA extraction The original samples of natural populations of wild common buckwheat consist of 1000-2000 seeds for each population, which had been randomly collected from more than 500 plants at collection site during collection trips in 1990-2000 and which have been stored in a 4 ∞ C storeroom at the Plant Germ-Plasm Institute of Kyoto University. Eight natural populations of wild common buckwheat were used for the AFLP analysis ( 
Data analysis
The bands on the AFLP gels were scored as present (1) or absent (0), and each band was regarded as a locus. The frequency of a null allele at a given locus was estimated by taking the square root of the frequency of null homozygotes (the absence of a band), which assumes that there are two alleles at a locus under Hardy-Weinberg equilibrium. The genetic distance for a small number of individuals (Nei 1978) was estimated for each pair of populations based on gene frequency at 396 loci detected (371 polymorphic and 25 monomorphic). A phylogenetic tree was constructed by the neighbor-joining (NJ) method (Saitou and Nei 1987) based on the genetic distance using a PHYLIP version 3.57 package (Felsenstein 1993 ). Table 2 shows the results on AFLP for each primer combination. In total, 396 loci were detected using 16 primer combinations, of which 371(93.7%) loci were polymorphic. For cultivated populations, 382 loci were detected, of which 301(78.8%) were polymorphic in the sense that those loci had variation in cultivated common buckwheat (Table 2) . Whereas 394 loci were detected in wild common buckwheat, of which 363(92.1%) were polymorphic within wild buckwheat. The phylogenetic tree is shown in Fig. 2 . All cultivated populations were included in one cluster. Natural populations of wild common buckwheat were grouped into two clusters: group 1 containing four populations from the Sanjiang area (three from eastern Tibet and one from Adong village of Yunnan province), and group 2 consisting of the other four populations (two from Yunnan province and two from Sichuan province). This grouping was supported by the bootstrap value of 100%. The genetic distance between a natural population in group 1 and a cultivated population (0.093 to 0.144) was shorter than the distance between a natural population in group 2 and a cultivated population (0.238 to 0.363). This difference : F. esculentum ssp. esculentum , : F. esculentum ssp. ancestrale . Numbers indicated are code numbers of populations (see Table 1 ).
RESULTS
was statistically significant (P < 0.001) as shown in details in Discussion. It is now clear that the natural populations from the Sanjiang area are more closely related to cultivated common buckwheat than the natural populations from other regions.
DISCUSSION
AFLP is known to be the most efficient marker system to detect many polymorphic loci in a single assay in many plant species (Powell et al. 1996 , Russell et al. 1997 , Pejic et al. 1998 . Using 16 primer combinations, 371 polymorphic loci (on average 23.2 loci/primer combination) were detected, indicating that AFLP method is also useful for common buckwheat.
The identification of wild ancestor is most conclusive when it is based on the combined evidence from morphological, cytological and genetic comparisons, then the candidate for the ancestor of a crop is a group of wild plants which are genetically most closely related to the crop (Oka 1988 , Ladizinsky 1998 . In addition, the lack of crossability between the crop and a suspected wild ancestor is sufficient evidence to exclude its candidacy (Ladizinsky 1998). The wild subspecies discovered by Ohnishi (1991) is different from cultivated plant with respect to the shattering of seeds, strong dormancy of seeds, longer growth period and branching at lower nodes, although the two subspecies are similar in their other aspects. The wild subspecies is most closely related to cultivated common buckwheat among the presently discovered wild Table 1 ). The numbers on the branches indicate their bootstrap values of > 50% (1000 replications). Fagopyrum species, taking the results from morphology, allozyme variability and RFLP of cpDNA (Ohnishi and Matsuoka 1996) , and the nucleotide sequence of the rbcLaccD region of cpDNA and the ITS region of the nuclear rRNA gene (Yasui and Ohnishi 1998a, b) into account. Also, this wild subspecies is able to cross with cultivated subspecies and produces fertile hybrids (Ohnishi 1999) . Although perennial buckwheat, F. cymosum Meisn., was once considered to be the wild ancestor of common buckwheat before the discovery of F. esculentum ssp. ancestrale (Campbell 1976) , it has now been shown to be only distantly related to common buckwheat (Kishima et al. 1995 , Ohnishi and Matsuoka 1996 , Yasui and Ohnishi 1998a , b, Yamane 2003 , and the cross between F. cymosum and F. esculentum was quite difficult to accomplish (Woo et al. 1999) . However, there still remain a few scientists who insist that F. cymosum (or a species of the F. cymosum complex) is the wild ancestor of buckwheat (e.g. Chen 2001 ). Except for these scientists, it is now a well recognized consensus among buckwheat scientists that F. esculentum ssp. ancestrale is the wild ancestor of cultivated common buckwheat. The natural populations from the Sanjiang area are more closely related to cultivated populations than the other group, consisting of two Yunnan populations and two Sichuan populations. This can be seen in Fig. 2 and the significant difference of genetic distance mentioned in Results. Statistical significance of the difference in genetic distance can be shown as follows: the genetic distance D ij between the populations i and j can be statistically compared with D kl by calculating single locus minimum distance (Nei 1987) . The difference between D ij and D kl is equal to the mean of the difference between d ij and d kl where d ij refers to the single locus distance between the populations i and j and the mean of d ij and d kl can be compared by the ordinary t test. Although d ij is not normally distributed, this test is known to be quite robust (Chakraborty 1985) .
Since AFLP markers are dominant and we only examined four or five individuals for each population, the estimation of gene frequency and the estimation of genetic distance may give only rough estimates. Although the bootstrap analysis shows our conclusion is solid, one may claim that the present analyses are not enough to assert the natural populations from the Sanjiang area are closely related to cultivated populations, taking the variation within population due to complete out-crossing nature of both cultivated and wild common buckwheat.
As for the AFLP variations within a population, both cultivated and natural populations retain a high level of diversity (on average 78.8% of polymorphic loci and average heterozygosity H = 0.293 for cultivated populations, and 92.1% and H = 0.349 for natural populations). Approximately equal amount of genetic variations in both cultivated and natural populations agrees well with the results on allozyme variations (Ohnishi 1998a) . We may infer that common buckwheat might not have suffered from strong bottleneck effect during the domestication processes.
In order to confirm our result, we also constructed a phylogenetic tree based on another genetic distance which was estimated as ( D ij ) = 1-(the proportion of shared fragments between population i and j ) (Nei and Tajima 1981) . The topology of this phylogenetic tree (the tree was not shown) was not so much different from the topology of Fig. 2 . In addition, the present results are supported by allozyme analyses, which are more suitable for the analysis of variations within a population, resulted in the same phylogenetic relationships among cultivated populations and natural populations of wild common buckwheat from the Sanjiang area (Ohnishi in preparation) .
One may argue that some cultivated populations other than used in this study may be closely related to the natural populations from other localities than the Sanjiang area and that close relationships between cultivated and natural populations in the Sanjiang area found in this study may come from gene flow between those populations. We made a mistake not to involve any other cultivated populations as controls than those from the Sanjiang area. However, so far as a worldwide survey of allozyme variations is concerned, gene frequencies at polymorphic loci did not differ greatly among populations from a wide range of Asian countries (Ohnishi 1985 , 1993a ,b, Ohnishi and Nishimoto 1988 . Hence, the close relationships of natural populations to a cultivated population imply the close relationships to any cultivated populations. Therefore, our assertion is still valid, even though any cultivated populations other than from the Sanjiang area were not included in this study.
As for the possibility of gene flow between cultivated populations and natural populations of the wild ancestor, at least for those natural populations of wild ancestor used in this study, they are true natural populations growing barren rocky mountain slopes, and no cultivated populations were found around the habitat of wild ancestor. If gene flow is common, then we must find closer relationships between cultivated and natural populations situated relatively short distances, such as the pairs of C2002 and C2009, C2004 and C2013. But we did not find such relationships. In conclusion, natural populations of wild common buckwheat from the Sanjiang area are most closely related to cultivated common buckwheat, hence they are the strong candidate of the direct wild ancestral population of cultivated common buckwheat. This leads to an assertion that the original birthplace of cultivated common buckwheat is the Sanjiang area. 
